Abstract. We report the analysis of the complete nucleotide sequence for the Indian isolate (P20778; Genbank Accession number AF080251) of Japanese encephalitis virus (JEV). The phylogenetic tree topology obtained using thirteen complete genome sequences of JEV was reproduced with the envelope, NS1, NS3, and NS5 genes and revealed extensive divergence between the two Indian strains included. A more exhaustive analysis of JEV evolution using 107 envelope sequences available for isolates from different geographic locations worldwide revealed five distinct genotypes of JEV, displaying a minimum nucleotide divergence of 7% with high bootstrap support values. The tree also revealed overall clustering of strains based on geographic location, as well as multiple introductions of JEV into the Indian subcontinent. Nonsynonymous nucleotide divergence rates of the envelope gene estimated that the ancestor common to all JEV genotypes arose within the last three hundred years.
INTRODUCTION
Japanese encephalitis virus (JEV) is the cause of the most prevalent viral encephalitis of man in terms of morbidity and mortality. 1 Approximately 50,000 human cases of JE occur annually in Asia. 2 Japanese encephalitis virus belongs to the family Flaviviridae, whose members include several pathogens of humans and animals. In India, epidemics of JEV have been reported since the mid-1950s, and the virus is now endemic in most parts of the country. The genomes of flaviviruses comprise single-stranded RNA of positive polarity approximately 11,000 nucleotides (nt) in length. The structural proteins: capsid, premembrane, and envelope, are encoded in the 5Ј third of the genome and are followed by the genes specifying the seven nonstructural proteins.
Japanese encephalitis virus is one of the recently diverged members of the family Flaviviridae, and most JEV isolates are estimated to have evolved over the last 130 years. 3 The study of flavivirus phylogeny has primarily utilized the structural glycoprotein envelope sequences. 4 These, in addition to serological studies, 5 have elegantly shown differences in evolutionary dynamics of the tick-and mosquitoborne subgroups of this genus. Phylogenetic analysis of sequences from the nonstructural RNA dependent RNA polymerase (NS5) gene of mosquito-and tick-borne flaviviruses 6, 7 have also yielded tree topologies similar to that obtained with envelope sequences. More recently, NS3, the full-length genome sequence, and NS5 were used with equal success to classify the nonvector-borne and arthropod-borne flaviviruses. 8 To study JEV evolution, on the other hand, a stretch of 240 or 198 nt from the premembrane (prM) region have been predominantly used. [9] [10] [11] [12] [13] These studies have classified JEV strains into four distinct genotypic groups. Another tree building exercise using a limited number of twenty JEV envelope sequences identified four clusters which however did not match the four genotypes mentioned above and also ''did not correspond to geographic origin, isolation host, or virulence''. 14 Yet another analysis which compared six fulllength JEV sequences suggested that the Indian strain GP78 (Accession number AF075723) may be related to the Chinese SA-14 isolate. 15 Most of these studies utilized uncorrected p-distances (proportion of nucleotide or amino acid sites at which the two sequences compared are different) for building phylogenetic trees.
Our objective was three-fold. Firstly, to study the evolution of JEV, which required identification of good phylogenetic markers to replace the 240 nt stretch used previously (see below). We have determined and analyzed the complete nucleotide sequence for an Indian isolate P20778 of JEV and carried out phylogenetic analysis of this and twelve other independently isolated full-length JEV sequences available in the database at the nucleotide and amino acid sequence level. The ten individual genes were separately analyzed using the nucleotide sequences to assess their utility as phylogenetic markers.
Our second objective was to analyze the extensive genetic diversity of Indian JEV strains 9, 16 and to see if strain variation of JEV from different parts of the globe could be linked to their geographic origin. The literature on this topic is conflicting. 9, 17 Therefore, an exhaustive tree building exercise was undertaken with all 107 unique envelope sequences available in the database of JEV strains from geographically diverse regions of Asia. This revealed the hitherto unrecognized fifth genotype of JEV.
Thirdly, we determined the date of the JEV ancestor common to all 5 E-gene based genotypes we have identified. This study thus represents an up-to-date, rigorous, and indepth phylogenetic analysis of JEV isolates.
MATERIALS AND METHODS

Cells and viruses.
The Aedes albopictus cell line C6/36 (obtained from NCCS, Pune, India) was maintained in Eagle's minimum essential medium (MEM) with 10% fetal bovine serum (FBS), and was used for growth of virus. Japanese encephalitis virus strain P20778 from Vellore 18 was used for sequence determination reported here. Confluent monolayers of C6/36 were infected with virus at a multiplicity of infection (m.o.i.) of 0.1. Medium containing virus was harvested twice, at day four and again at day eight postinfection (p.i.). Virus titer was determined on monolayers of the porcine kidney cell line PS (obtained from NCCS, Pune, India) maintained in MEM with 10% FBS by the TCID50 method. 19 RNA isolation and cDNA synthesis. Virus was pelleted from the medium of infected cells by centrifugation in a Beckman L8-80 ultracentrifuge at 100,000 ϫ g for 90 minutes. The crude virus pellet was then centrifuged at 100,000 ϫ g for 16 hr through a gradient of 15-60% sucrose. Pure virus banding at a density of 1.17 g/cm 3 was solubilized in 4 M guanidinium isothiocyanate and used for isolation of viral RNA. cDNA synthesis was carried out using random hexanucleotide primers and Avian myeloblastosis virus reverse transcriptase (Promega Corporation, Madison, WI). The cDNAs were tailed with EcoRI linkers and ligated to EcoRI-digested pUC18. Overlapping recombinant clones were ordered by hybridization to one another as well as by determining the sequences at the two ends of the inserts. The following regions of the viral genome were obtained by RT-PCR of total RNA from virus infected cells: 1 to 154 nt, 1,200 to 2,000 nt, and 9,200 to 10,976 nt. The primers for the ends of the genome spanning positions 1 to 31 (primer A) and complementary to position 10,958 to 10,976 (primer B) were synthesized based on the sequence published for the JaOArS982 isolate. 20 The sequence of P20778 at the 3Ј end of the genome was identical to that of the JaOArS982 strain based on northern hybridization under stringent conditions of labeled primer B to viral RNA.
DNA sequencing. pUC18 recombinants were sequenced using M13 forward and reverse primers in the dideoxy chain termination method with Sequenase version 2.0 from US Biochemicals (Cleveland, OH). Some of the sequencing was also carried out using an ABI (Foster City, CA) Prism DNA sequencing kit for dye terminator cycle sequencing with AmpliTaq-FS enzyme. The sequence of the P20778 JEV isolate has been deposited in Genbank (Accession number AF080251). Every segment was sequenced on both the strands with several stretches being done more than once on each strand. For PCR products, sequencing was carried out for two independent clones on either strand.
Sequence analysis. The full-length and individual gene and protein sequences of thirteen independent JEV isolates listed in Table 1 were analyzed. The average proportions of synonymous (Ps) and nonsynonymous substitution (Pn) were estimated using the Nei and Gojobori method with JukesCantor correction available in the MEGA package version 1.01 (obtained from the website, http://evolgen.biol. metro-u.ac.jp/MEGA). 21 Phylogenetic analysis. The sequences of the P20778 strain and the twelve other independently isolated full-length JEV sequences available in the database were used in this study are listed in Table 1 . Yellow Fever virus (YFV) 17D strain 22 was used as reference taxon for the analyses. Multiple alignments of the amino acid sequence sets were generated using the Clustal W version 1.8 software (obtained from the web site, http://www.ebi.ac.uk/clustalw) 23 assuming default alignment parameters. Conserved motifs and putative cleavage sites were used as control of validity for alignments as described earlier. 8 This alignment was used to direct the alignment of the nucleotide sequence sets using the TransAlign version 1.0 Java program package (obtained from the website, http://life.anu.edu.au/molecular/software/ transalign). 24 Alignment of the 5Ј and 3Ј untranslated regions was performed at the nucleotide level. Phylogenetic analyses of the JEV isolates was carried out in every case using maximum likelihood (ML), neighbour-joining (NJ) and parsimony methods using PAUP* version 4.0b4a (obtained from Sinauer Associates, Sutherland, MA). 25 When ML and NJ methods were employed, the general time-reversible (GTR) 26 or Hasegawa-Kishino-Yano (HKY85) substitution model 27 was used with the shape of the gamma distribution for among-site variation and ratio of transitions to transversions estimated from the data. In the case of analysis using parsimony method Goloboff-fit criterion 28 with default concavity parameter was assumed. Phylogenetic analyses for amino acid sequences were also performed with the help of MEGA version 1.01. 21 Jukes-Cantor and gamma distance (a ϭ 2) algorithms were used with NJ method for construction of trees. Phylogenetic relationships for the nucleotide and protein sequences of the complete viral genome as well as nucleotide sequences of individual genes were determined. The robustness of phylograms was evaluated by 1,000 bootstrap resampling applying random heuristic search with 100 replicates each. Phylogenetic trees were drawn using the pro-→ FIGURE 1. Maximum likelihood phylogenetic trees for Japanese encephalitis virus: maximum likelihood trees were derived from the sequences of each of the three genes envelope (A), NS1 (B), NS3 (C), NS5 (D) and full-length sequence (E) using PAUP* version 4.0b4a for fourteen JEV sequences available in the database listed in Table 1 . Branch lengths were derived using the general time reversible (GTR) model with the shape parameter for among-site variation estimated from the input sequences. Corresponding YFV sequences were used as reference taxa. The scale shows a genetic distance of 10, which is equivalent to 0.01% nucleotide divergence. The internal node numbers indicate bootstrap support values expressed as percentage for 1,000 replicates.
gram TreeView version 1.6.1 (website: http:// taxonomy.zoology.gla.ac.uk/rod/rod.html). 29 Estimation of lineage divergence times. Initial trees were obtained using the maximum parsimony and distance methods available in the PAUP* version 4.0b4a. These trees were then used as input for the maximum likelihood method available in PAUP* and allowed to be perturbed using either NNI (nearest-neighbour interchange) or TBR (tree bisectionreconnection) in a heuristic search using a GTR model for distance estimation. The shape parameter of the discrete gamma distribution for among-site variation was determined from the sequence. The number of rate categories were assumed to be ten. The envelope gene was used for this analysis with only the nonsynonymous sites taken into consideration because saturation plots drawn using synonymous distances revealed that it was saturated. Pairwise nonsynonymous substitutions per site were obtained by using the GTR model under the distance settings present in PAUP*. Isolation dates where known are listed in Table 1 and Figure 1 .
The estimation of pairwise nonsynonymous substitution per site for multiple JEV clades from the predicted ancestor for that clade, was done using the branch lengths obtained from the maximum likelihood tree as mentioned above. These values were regressed on the time interval that separates the years of isolation. The slope of such a plot is the regression coefficient and is the average rate of nonsynonymous substitution per site, which is referred to as ''k''. The divergence date was estimated by dividing the branch length (BL) towards a given node (or the sum of BLs, if the node is next to a tip, i.e., patristic distance) by the value of k to obtain the amount of time it took for the amount of change represented by that BL to take place.
RESULTS AND DISCUSSION
Determination and comparative analysis of the sequence of P20778. A summary of the relevant information relating to the thirteen JEV strains compared in this study along with YFV as the outgroup is given in Table 1 . Surprisingly, the capsid, NS1 and NS2a protein sequences showed the highest percentage of amino acid differences among isolates (11.81%, 11.89% and 10.17% variable sites, respectively, Table 2 ). This was despite the lowest percentage of variable nucleotides (16.79%) for the capsid gene, and was correlated with the presence in the capsid gene of the highest proportion of nonsynonymous substitutions among all ten genes analyzed ( Table 2) . A comparison of the amino acid sequences of all the proteins of the thirteen JEV strains listed in Table 1 showed that the nonstructural proteins NS2b and NS4a were the most conserved, with percentage amino acid variability of 6.1 and 6.7. In keeping with its non-neuroinvasive phenotype, P20 did not have any of the nine amino acids found to be unique to the envelope protein of the neuroinvasive isolate Beijing P3. 30 Also, none of the five amino acids unique to the envelope protein of the attenuated vaccine strains (derived from SA-14) 31 was common to P20.
We observed the insertion of a G residue at position 10,701 in the P20 sequence. The same insertion was also seen in the JaGAr01 strain from Japan and the FU strain from Australia. Secondary structure prediction of the 3Ј untranslated region (UTR) sequence using the program MFOLD version 3.0 (obtained from the website, http:// bioweb.pasteur.fr/docs/softgen.html#MFOLD) 32 revealed that the insertion of this G residue fell within a predicted loop and consequently did not affect the secondary structure. The 3Ј UTR of K94 and the FU strains were 13 and 12 bases, respectively, shorter than the usual 585 bases present in most of the wild type JEV strains analyzed. The percentage of variable sites in the 595 nt 3Ј UTR was 2.79-fold more than in the 95 nt 5Ј UTR. Complete identity was observed in the 5Ј UTRs of nine of the thirteen JEV sequences compared. This suggested that the mode of recognition of the 5Ј and 3Ј UTRs which function as viral promoter regions by the viral polymerase complex may be different. Extensive secondary structure has been predicted for the 3Ј UTR of flaviviruses, 33 which appears to be vital for its function in viral replication. One might speculate that for the 5Ј UTR, in addition to secondary structure, 34 nucleotide sequence may also play an important role in recognition by the viral polymerase complex and/or by the capsid protein during packaging.
Identification of candidate phylogenetic markers. The premembrane (prM) region has been extensively used to study JEV evolution. The choice of a 240 nt stretch of the prM gene was based on a comparison of the genes encoding the prM, membrane (M), envelope (E), and the nonstructural 1 (NS1) proteins among a limited data set of five JEV isolates, all of which belong to genotype III. 9 These workers concluded that the prM region harbored the largest number of third position or synonymous mutations ''implying that this region was free of selective pressures that might obscure long-term evolutionary relationships'' 9 and thus is a good phylogenetic marker. Indeed, our analysis with 13 full-length JEV sequences belonging to genotypes I, II and III (Tables  1 and 2 ) also confirmed this high nucleotide divergence of the prM region. Subsequent to the analysis of 46 JEV strains based on this 240 nt stretch, 9 several other workers have found this region valuable for classifying newer isolates among the 4 genotypes. [10] [11] [12] [13] To date, the database contains sequences for this stretch from 167 JEV isolates, testifying to its suitability for genotype-based molecular phylogenetic classification of JEV.
The 240 nt prM tree obtained in the above study 9 was a simple p-distance based tree, and was not subjected to statistical analysis. When we carried out a tree-building exercise with this same stretch using the rigorous GTR model Table 1 , which excluded the attenuated derivative SA-14-2-8, were used for sequence analysis. Ps and Pn ϭ average proportion of synonymous (Ps) and nonsynonymous (Pn) mutations per synonymous and nonsynonymous site (mean Ϯ standard error); AA ϭ amino acids; NT ϭ nucleotides.
for distance estimation followed by bootstrap resampling, (see Methods), no statistically reliable tree topology was obtained for members of genotype III. This indicates that the nucleotide differences among isolates within this region were not sufficiently meaningful to resolve the phylogenetic relationship among closely related isolates. The functional significance of this high level of nucleotide variation within this 240 nt prM region has therefore yet to be established. 17 Indeed, earlier reports have shown that the use of short stretches of nucleotides or amino acids in phylogenetic analysis 35, 36 results in incorrect tree topologies, suggesting that the 240 nt prM region is not the ideal candidate for studying the molecular evolution of JEV.
We therefore evaluated possible phylogenetic markers that would best reflect JEV evolution. We used the simple criterion that a good marker would be a region of the JEV genome that could faithfully reproduce tree topologies obtained using the full-length genome sequences with high confidence values. As a first step toward this goal we obtained a phylogenetic tree using the thirteen independently isolated full-length JEV sequences from Genbank (Table 1) using YFV as the outgroup. Of the remaining seven fulllength sequences available in the database for attenuated derivatives of original isolates, we included only SA-14-2-8 in our analysis. This strain consistently paired with its parent, thus functioning as an additional indicator of the correctness of the tree topology. The resulting tree ( Figure 2E ) revealed that the Korean strain (K94) and the Australian strain (FU) were the most divergent of all the JE strains studied, and separated from the rest as the first branch after the outgroup. This was in keeping with the position of these two strains within genotypes I and IV in the envelope tree ( Figure 1 ). The trees also placed the Indian strain P20 distant from the other Indian strain GP78, and the Taiwanese strains close to the Japanese strains. A similar tree topology was obtained using the full-length amino acid sequences (data not shown).
Although full-length sequences gave reliable trees, rigorous phylogenetic analysis of large numbers of long sequence stretches requires enormous computing capacity. We therefore explored the utility of individual structural and nonstructural genes as phylogenetic markers, which reliably reproduce the tree topology, obtained with the full-length sequence. Among the nonstructural and structural genes analyzed, polytomies were observed with capsid, prM, NS2a, NS2b, NS4a, and NS4b (data not shown), possibly due to lack of sufficient phylogenetically informative sites. NS1, NS3, NS5, and envelope genes alone reproduced the topology obtained using the full-length sequence with reliable bootstrap support values (Figure 2 , A-E). When we used the 240 nt stretch from the prM region to study JEV evolution, polytomies surfaced with respect to isolates from genotype III, making these trees unreliable (data not shown).
The trees obtained during the above analysis reflected the wide divergence of the Indian JEV strains P20 and GP78 (Figure 2 , A-E) despite their geographic proximity. An earlier report had observed genetic diversity for JEV strains from Japan and India. 9 Immunotyping and oligotyping data suggest that strain variation among JE viruses is not related to geographic location. 16, [37] [38] [39] Comparison of nucleotide and amino acid sequence of envelope genes of thirteen JEV strains 17 showed no clustering based on geographical location. However, Chen and coworkers 9 used forty-six prM sequences to show that JEV isolates from the same geographic region and time period are similar.
To resolve this issue, and to gain insight into the genetic diversity of JEV from different geographic areas, we carried out an exhaustive phylogenetic analysis using all 107 envelope sequences from unique JEV isolates in the database. E-gene sequences for JEV are available in the database, making it possible to use this gene for phylogenetic analysis. These isolates span a sixty-year period and represent strains from almost all the countries where JE virus is prevalent. Japanese encephalitis virus has been reported in Pakistan; 40 however, no sequence for this isolate is available. The database contained repeats for 32 envelope sequences, which were also included in our analysis. The 107 E-gene sequences were first analyzed using distance and parsimony methods, as described in Methods. The tree classified JEV strains into five distinct genotypic groups differing by a minimum nucleotide divergence of 7% with high bootstrap support values (Figure 1) . Four of these groups broadly matched the four genotypes that were proposed earlier using the prM FIGURE 2. Phylogenetic tree derived from Japanese encephalitis virus envelope sequences from 107 unique isolates: neighbor joining method available in PAUP* using Hasegawa-Kishino-Yano (HKY) distances with transition/transversion (ts/tv) ratios estimated empirically was used to draw the tree. Homologous sequences from Murray Valley encephalitis virus, St. Louis encephalitis virus (sister groups to JEV 10 ) and yellow fever virus were used to root the tree. Numbers on the internal nodes refer to the bootstrap support values expressed as percentage for 1,000 replicates. The scale shows a genetic distance of 10, or 1% nucleotide divergence. The E-gene sequences from the clade of Taiwanese strains depicted as node ''A'' in genotype III were used for regression analysis to estimate the JEV evolutionary rate. gene region, 9 while a fifth genotype surfaced in our analysis, containing the lone Singapore Muar isolate. 41 The Muar strain was the most divergent of the JEV isolates analyzed, differing from genotypes I, II, III, and IV by a minimum nucleotide divergence of 21%, 20%, 19.3%, and 22% respectively. Using a 7% cut-off value of nucleotide divergence, the Muar strain could clearly be placed in a newly formed fifth genotype. The reason for the presence of this unique strain in the midst of countries populated by strains of 3 other genotypes is unclear. Without exception, all of the repeat envelope sequences of any isolate grouped together as expected. The vastly larger number of envelope sequences analyzed, compared to the prM region 9 , and with greater diversity, may contribute to the 7% cut-off in nucleotide divergence for this gene. Thus, while the tree based on the 240 nt prM region could not reliably display statistically significant topologies (data not shown), it could distinguish between the different genotypes. This may be due to the 12% nucleotide divergence between genotypes in this nucleotide stretch 9 . We therefore propose the use of envelope sequences to classify all future JEV isolates into the various genotypes and more importantly, to obtain information on precise relationships among closely related isolates.
We also observed striking differences between the prMand E-based trees. In the prM-based tree 9 JEV strains from Thailand were found only in genotypes I and II. The large E-gene data set-based tree placed Thai strains KPP034-35CT and Chiang Mai in genotype III. Similarly, Indonesian strains JKT646 and 208335, previously classified in genotype IV, and JKT1724 previously classified in genotype II, as well as a Korean strain (K82P01) previously classified in genotype I, were all now placed in genotype III. The Korean strain showed a minimal difference of 4.4% and 5.3% from genotypes III and I respectively. Using the 7% nucleotide divergence cut-off mentioned above, this strain could be placed with equal confidence in both genotypes I and III.
One of the hallmarks of the tree was the overall clustering of strains according to their geographic origin (Figure 1 ). For example, the Chinese, the Japanese, and the Taiwanese strains were found to group together on this basis. Similarly, JEV strains from the Indian subcontinent, i.e., from India, Sri Lanka, and Nepal also clustered together. The tree also revealed the genetic diversity among the JEV strains within the same geographic boundary. For instance, the Japanese strains grouped into four different sub-geographic clusters suggesting the co-existence of at least four genetically di- verse groups in this country where JEV was first reported. The JEV strains in Taiwan and the Indian subcontinent grouped into three distinct clusters each, whereas the strains from China were homogeneous and found in one large cluster. This last mentioned feature was reported previously. 9, 42 Our analysis thus revealed that while genetic diversity within a defined geographic region resulted in distinct clades, there was overall clustering of JE isolates within the genotypes based on place of isolation. Notable exceptions to this pattern of clustering were also observed. The P1 strain from China for example was found in a cluster which contained isolates from Japan (Sagiyama), Vietnam (VN118), and Taiwan (TL). Two strains from Thailand falling within genotype III along with Chinese and Indian strains have been previously mentioned. Strains from Indonesia were distributed among genotypes II, III, and IV, along with viruses from other geographic regions, making the Indonesian strains the most diverse among the JEV prevalent areas.
In a second analysis performed for dating the ancestral JEV lineage, we carried out a refinement on a subset of 40 E genes containing representatives from the 5 genotypes. Here we used the more rigorous and time-consuming ML method, which can overcome possible substitutional superimposition, as described in the Methods section. This tree faithfully reproduced the topology obtained from 107 sequences, proving the reliability of the method used to obtain the initial tree (data not shown).
Genetic diversity of JEV strains in the Indian subcontinent. Our full-length genome sequence analysis indicated the significant differences between the two Indian strains P20 and GP78. A comparison of these strains revealed that the percent nucleotide and amino acid divergence was 4.37 and 1.80, respectively ( Table 3 ). The NS2a protein was the most conserved between the two isolates with a difference of only 1.19%. The capsid protein, on the other hand was least conserved with 3.93% divergence. Interestingly a comparison of the capsid protein of GP78 with other JEV isolates listed in table 1 revealed that two of the four amino acid residues that were unique to GP78 capsid sequence fell in the 85 to 102 amino acid stretch, resulting in abolition of the putative ''nuclear localization signal'' identified by the program ProfileScan (obtained from the website, http:// www.isrec.isb-sib.ch/software/PFSCANform.html). 43 This sequence presumably represents the RNA binding region of the capsid protein, judging from the presence of an argininerich stretch as well as RGG motifs. 44 Prediction of secondary structure of the capsid protein using the program Predator (obtained from the web site,http://www.embl-heidelberg.de/ argos/predator) 45 revealed that in this region of interest, in contrast to the helical structure assumed by the capsid of all other JE isolates, GP78 displayed a random-coil structure. Significantly, the RGG box of the RNA binding protein hnRNP U 44 also displayed a random-coil secondary structure in this region. Hence in addition to envelope playing an important role in the slow release of RNA into the cytoplasm following viral entry for GP78 as hypothesized, 46 the capsid may also contribute to this defect by binding strongly to the viral RNA.
The large data set of 107 E-gene sequences contained eight independent Indian isolates from various parts of India. In addition 2 strains each from Nepal and Sri Lanka were also present. This analysis grouped these strains into three different clusters (Figures 1 and 3) . The first group designated as Vellore group contained the two Vellore strains P20 (isolated in 1958 from human brain), and G8924 (isolated in 1956 from mosquito) plus a strain 782219 from Tamil Nadu (isolated in 1978). The Sri Lankan strain, 691004 (isolated in 1969 from human brain) which was placed with the Nakayama strain from Japan, was 2.9% divergent from the Vellore group, reflecting the geographic proximity of Sri Lanka to South India. The second group designated as Bankura group comprised four Indian strains, which included strains from northern India (GP78 from Gorakhpur, isolated in 1978 and 733913 from Bankura isolated in 1973) and western India (826309 from Goa isolated in 1982). In addition, this group contained a strain H49778 from Sri Lanka (isolated in 1987). The third group, designated as Nepal group, was formed by an Indian strain 7812474 from Assam (isolated in 1978 from human brain) and the B2524 strain from Nepal (isolated in 1985). Our calculations using the Egene based tree revealed that an arbitrary cut-off of 3.4% divergence could be set to define these three groups ( Figure  1 ). The Assam strain 7812474 could be placed either in the Bankura or Nepal groups, based on the 3.4% divergence cut (Figure 1 ) was used to date the JEV ancestor with respect to each of the five genotypes.
off. We chose to keep this strain in the Nepal group since it was closer to the B2524 strain from Nepal (1.5% divergence) than to any of the strains present in the Bankura group. Availability of more E-gene sequences from this geographic region may further consolidate this group. The Vellore group was phylogenetically closer to the Nakayama strain from Japan, whereas the Bankura group was closer to the Chiang Mai strain from Thailand. The Nepal group was distant from most other JEV clusters and contained the JKT1724 strain from Java, Indonesia (Figure 1) . The E-gene sequence of the Nepalese strain B2524 differed from that of the Indonesian strain JKT1724 by only two nucleotides. Thus, the phylogenetic relatedness may indicate the country of origin for the viruses present in the Indian subcontinent, and the possible involvement of migratory birds in transmitting JEV into the Indian subcontinent from these geographically distant regions. Interestingly, the ability of sera from vaccinees given the Nakayama strain JE vaccine to cross-neutralize JEV strains in the Vellore group more effectively than those from the Bankura group 47 shows the relatedness of the Vellore group strains to the Nakayama strain from Japan. This similarity between the serology data and our phylogenetic classification further validates the grouping of the JEV strains in the Indian subcontinent. Perhaps additional genetically diverse groups exist in the Indian subcontinent, the extent of which will become known as more E-gene sequences become available. Phylogenetic analysis may therefore serve to point to the serological characteristics of the envelope proteins and may help to guide the planning of vaccination strategies, whose success will be influenced by the extent of diversity seen in natural isolates.
The geographic expanse of JEV strains from the Bankura group ranges from the east (West Bengal) and north of India (Uttar Pradesh) to the west coast of South India (Goa), and Sri Lanka. (Figure 3) . The strains, which form the Bankura group, were isolated between 1973 and 1982. Except for the Tamil Nadu strain isolated in 1978, members of the Vellore group were isolated in 1956 and 1958. This suggests that JEV was introduced into India on two occasions separated by atleast 17 years. The earlier introduction that formed the Vellore group appears to have been restricted in its ability to spread, presumably due to non-availability of suitable host-vector combinations. However, the virus obviously was not lost and appears to be the progenitor of the more recent 1978 isolate from Tirunelveli (782219) in Tamil Nadu. Therefore, the present day endemicity of JEV in India appears to be predominantly due to the robust spread of strains from the Bankura group.
Dating the ancestor common to all JEV genotypes. Estimation of accurate branch lengths is critical to obtain valid numbers for divergence dates. The ML method gives the best estimate of branch lengths, 48, 49 while the distance and maximum parsimony methods are best suited for obtaining reliable tree topologies. We therefore obtained tree topologies for the envelope genes using the latter 2 methods available in PAUP* version 4.0b4a. These trees faithfully reproduced the topologies obtained earlier, and then served as user trees for the maximum likelihood method. PAUP* allows estimation of transition to transversion ratios and shape parameters for among-site variation from the sequence data. This approach yields the best estimates of branch lengths and consequently a more accurate dating of a particular node. Of the 107 envelope sequences mentioned earlier, forty JEV isolates representing each of the five genotypes were chosen for this rigorous analysis.
Regression analyses was subsequently carried out using sequences of multiple clades from this tree belonging to the different genotypes, each derived from a geographically restricted region. Pairwise nonsynonymous substitutions per site obtained by comparing each member of the clade to its predicted ancestor were plotted versus the time period in years that separates the isolates. The slope of the linear regression is the rate of nonsynonymous substitution per site, referred to as ''k''. We obtained the highest confidence level of P Ͻ 0.0001 (R 2 ϭ 0.899) that the slope is significantly different from zero by using the t-test available in EXCEL, for the clade comprising the Taiwanese strains in genotype 3 (node ''A'' in Figure 1 ; the attenuated strains CH2195LA and CH2195SA were not included in this analysis). The corresponding k value of 7.5147 ϫ 10 Ϫ4 was used to date the common ancestor of JEV with respect to each genotype (Table 4). The value of 2.6 ϫ 10 Ϫ4 for k obtained earlier 3 relied on a limited number of 4 taxa and the use of the method of Li and coworkers. 50 We also obtained similar values for k upon linear regression analysis of some clades, but with poor confidence values. Our estimations assumed the operation of a molecular clock for evolution of JEV, which may not be entirely valid. The value for divergence times from the common ancestor ranged from 259 Ϯ 37 (mean Ϯ standard error) years for genotype IV, the oldest of the genotypes, to 133 Ϯ 56 years for genotype I, one of the most recently diverged of all five genotypes of JEV. Thus, the global ancestor of all JEV strains appears to have arisen in the last 300 years.
